As part of our ongoing surveillance efforts for West Nile virus (WNV) in the Yucatan Peninsula of Mexico, 96,687 mosquitoes collected from January through December 2007 were assayed by virus isolation in mammalian cells. Three mosquito pools caused cytopathic effect. Two isolates were orthobunyaviruses (Cache Valley virus and Kairi virus) and the identity of the third infectious agent was not determined. A subset of mosquitoes was also tested by reverse transcription-polymerase chain reaction (RT-PCR) using WNV-, flavivirus-, alphavirus-, and orthobunyavirus-specific primers. A total of 7,009 Culex quinquefasciatus in 210 pools were analyzed. Flavivirus RNA was detected in 146 (70%) pools, and all PCR products were sequenced. The nucleotide sequence of one PCR product was most closely related (71-73% identity) with homologous regions of several other flaviviruses, including WNV, St. Louis encephalitis virus, and Ilheus virus. These data suggest that a novel flavivirus (tentatively named T'Ho virus) is present in Mexico. The other 145 PCR products correspond to Culex flavivirus, an insect-specific flavivirus first isolated in Japan in 2003. Culex flavivirus was isolated in mosquito cells from approximately one in four homogenates tested. The genomic sequence of one isolate was determined. Surprisingly, heterogeneous sequences were identified at the distal end of the 5′ untranslated region.
INTRODUCTION
Arthropod-borne viruses (arboviruses) are significant causes of human and animal disease throughout the world. 1 Most arboviruses of medical significance belong to three genera: Flavivirus (family Flaviviridae ), Alphavirus (family Togaviridae ) and Orthobunyavirus (family Bunyaviridae ). The most important flaviviruses in terms of human health are the four serotypes of dengue virus (DENV 1-4). 2, 3 In Latin America, more than 850,000 cases of dengue fever, including 25,000 cases of dengue hemorrhagic fever, occurred in 2007. West Nile virus (WNV) has also been responsible for human illness in Latin America although the incidence of reported WNV disease in this region is remarkably low compared with the United States. 4, 5 Other Latin American flaviviruses that cause human disease are yellow fever virus (YFV), St. Louis encephalitis virus (SLEV), Ilheus virus (ILHV), Rocio virus (ROCV), Bussuquara virus (BSQV), and Cacipacore virus. 6 Despite the relatively low number of WNV cases that have occurred in Latin America, serologic data from equine and avian infection surveillance have provided evidence that WNV is circulating throughout much of Mexico, [7] [8] [9] and parts of Central and South America. [10] [11] [12] [13] In our surveillance studies, we have provided serologic evidence of widespread WNV activity in the Yucatan Peninsula of Mexico. 9, 14, 15 Our earliest evidence of WNV activity was the detection of antibodies to this virus in horses at study sites in Tizimin and Caucel, Yucatan State in 2002. 9 Antibodies to WNV were also identified in birds in Hobonil 14, 15 However, there have been no confirmed reports of WNV illness in humans, horses or birds in the Yucatan Peninsula of Mexico. The reasons for the dramatically different disease outcomes in WNV-infected vertebrates in the Yucatan Peninsula and elsewhere in Latin America as compared with the United States are not known. One explanation is that a subset of vertebrates from the Yucatan Peninsula considered to be seropositive for WNV had been infected with an unrecognized WNV-like virus, rather than WNV. Another explanation is that pre-existing immunity to another flavivirus is providing partial protection to subsequent WNV infection. Other explanations include under-reporting, the emergence of attenuated WNV variants, and geographic differences in the species composition, relative abundance and susceptibility of vertebrates or vectors.
To increase our knowledge of the diversity of arboviruses and mosquito species in the Yucatan Peninsula of Mexico, and to obtain data that could explain the lack of reported WNV illness in this area, we conducted extensive mosquito surveillance for arboviruses in the states of Yucatan and Quintana Roo. Study sites were established in geographically diverse locations, but most time and effort was devoted to the capture of mosquitoes at sites where we had previously detected WNV activity.
MATERIALS AND METHODS
Description of study sites. Mosquitoes were trapped in five areas: Merida, Tixkokob, Tizimin, and Tzucacab in Yucatan State, and Cozumel Island in Quintana Roo State ( Figure 1 ). Five study sites were established in Merida, including one site in the Merida zoo. Merida is the capital city of Yucatan State and has a population of approximately 750,000. Another three study sites were located in Tixkokob, a small town 15 km (9 miles) east of Merida. Livestock (horse and cattle) production is common in this area. In Tizimin, five study sites were established. Tizimin is a small city 160 km (100 miles) east of Merida. Livestock production is also common in this area. Two more study sites were established in Tzucacab, a small town 120 km (75 miles) south of Merida. Tzucacab is located in an agricultural region that supports the production of maize and citrus. On Cozumel Island, mosquitoes were collected at six study sites. Cozumel is a 460 km 2 coralline limestone island approximately 16 km (10 miles) off the east coast of the Mexican mainland. It is a popular tourist destination. The main vegetation is coastal mangrove forest, tropical deciduous forest, and tropical semi-deciduous forest. All sites used in this investigation are characterized by a tropical climate.
Trapping schedules. Mosquitoes were collected in Merida and Tixkokob from January to December 2007. Mosquitoes were usually trapped at each site five days a week every other week. Cozumel Island was visited on two occasions (October [16] [17] [18] . During this time, mosquitoes were trapped daily at each site. Tizimin was visited once (September 13-15), as was Tzucacab (November 27-29), and each site was trapped daily.
Sampling methods. Mosquitoes were sampled using mosquito magnets and backpack-mounted aspirators. Mosquito magnets Pro-Liberty (American Biophysics Corp, North Kingstown, RI) were baited with propane and octenol. CO 2 is generated as a byproduct of propane combustion. These traps contain two fans operated by a rechargeable battery: one fan exhausts CO 2 from the trap and the other fan sucks air into the trap. Mosquito magnets were turned on between 4:00 pm and 6:00 pm and collection nets were replaced the following morning between 6:00 am and 9:00 am . One or two mosquito magnets were set at each study site. Centers for Disease Control and Prevention (CDC) back-pack mounted aspirators were used to collect resting mosquitoes from outdoor vegetation and concrete surfaces. 16 One research technician searched for resting mosquitoes for at least 20 minutes at each study site. Mosquitoes collected at study sites in Yucatan State were transported alive to the Universidad Autonoma de Yucatan (UADY), frozen in a −70°C freezer, and identified on chill tables according to species and sex using morphologic characteristics. Mosquitoes collected on Cozumel Island were anesthetized using triethylamine, 17 identified using morphologic characteristics, placed into screw-capped cryostorage vials, and transported in liquid nitrogen to UADY. Every three months, mosquitoes were transported on dry ice from the UADY to Iowa State University (ISU) by World Courier.
Mosquito homogenization. Mosquitoes were placed in polypropylene, round-bottom 5-mL tubes with 1.8 mL of diluent that consisted of CO 2 -independent cell culture medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 2 mM l -glutamine, 100 units/mL penicillin, 100 µg/mL streptomycin, and 2.5 µg/mL fungizone. Four 4.5-mmdiameter copper-clad steel beads (BB-caliber airgun shot) were added to each tube, and mosquito pools were homogenized by vortexing for 30 seconds. Mosquito homogenates were centrifuged (2,200 × g for 10 minutes at 4°C), and supernatants were collected.
Virus isolation in Vero cells. An aliquot (100 µL) of each supernatant was added to 0.5 mL of diluent, filtered using a 0.22-µm filter and inoculated onto subconfluent monolayers of African green monkey kidney (Vero) cells in 6-well plates. Cells were incubated for at least one hour at room temperature on an orbital shaker to enable attachment of the virus. Next, 300 µL of each inocula was discarded, and 5 mL of minimum essential medium (Invitrogen) supplemented with 2% fetal bovine serum, l -glutamine, penicillin, streptomycin, and fungizone was added to each well. Cells were incubated at 37°C in the presence of 5% CO 2 for 14 days and monitored regularly. If a cytopathic effect (CPE) was observed, two additional blind passages were performed and supernatants were harvested. All virus isolation experiments were conducted in the Biosafety Laboratory 3 facilities at ISU. All samples that caused CPE were tested by reverse transcription-polymerase chain reaction (RT-PCR) to identify the cytopathic virus.
Virus isolation in C6/36 cells. An aliquot (100 µL) of selected supernatants was added to 2 mL of Liebovitz L15 medium (Invitrogen) supplemented with 2% fetal bovine serum, l -glutamine, penicillin, streptomycin, and fungizone. Samples were filtered and inoculated onto subconfluent monolayers of Aedes albopictus C3/36 cells in 75-cm 2 flasks. Cells were incubated for at least one hour at room temperature on an orbital shaker to allow attachment of the virus. Another 12 mL of L15 maintenance medium was added to each flask, and cells were incubated at 28°C for 7 days. After two additional blind passages, supernatants were harvested. Virus identification by RT-PCR sequencing. Total RNA was extracted from cell culture supernatants and mosquito homogenates using the QIAamp viral RNA extraction kit (Qiagen, Valencia, CA), and analyzed by RT-PCR using primers specific for WNV, flaviviruses, alphaviruses, and orthobunyaviruses. The WNV-specific primers, WN233 (5′-TTG TGT TGG CTC TCT TGG CGT TCT T-3′) and WN640c (5′-CAG CCG ACA GCA CTG GAC ATT CAT A-3′), target a 408-nucleotide region of capsid-membrane genes. 18 The flavivirus-specific primers, FU2 (5′-GCT GAT GAC ACC GCC GGC TGG GAC AC-3′) and cFD3 (5′-AGC ATG TCT TCC GTG GTC ATC CA-3′), target a 845-nucleotide region of the nonstructural protein 5 (NS5) gene. 19 The alphavirus-specific primers, VIR966 (5′-TCC ATG CTA ATG CTA GAG CGT TTT CGC A-3′) and VIR966c (5′-TGG CGC ACT TCC AAT GTC CAG GAT-3′), target a 98-nucleotide region of the NSP1 gene. 20 The orthobunyavirus-specific primers, BCS82 (5′-ATG ACT GAG TTG GAG TTT CAT GAT GT-3′) and BCS332V (5′-TGT TCC TGT TGC CAG GAA AAT-3′), target a 251-nucleotide region of the small RNA segment. 21 Various primers specific for the novel flavivirus were also used, including Z97-03F (5′-ACT GGC AAG AAG TCC CCT TT-3′) and Z97-03R (5′-ACA TAT TGC GTT TGC CAT GA-3′), which target a 236-nucleotide region of the NS5 gene, and Z97-07F (5′-CAC ACC ACA CCA TTT GGC CAG CAA C-3′) and Z97-05R (5′-GTC TCT TGT GGT CAC CAT CCA TC-3′) which target a 658-nucleotide region of the NS5 gene.
Complementary DNAs were generated using Superscript III reverse transcriptase (Invitrogen) following the manufacturer's instructions. Briefly, an aliquot of total RNA (1-2 µg) was mixed with 500 µM of each dNTP and 25 ng of primer and heated at 70°C for 10 minutes. After briefly chilling on ice, samples were added to 200 units of Superscript III reverse transcriptase in 1× reaction buffer (50 mM Tris-HCl, pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol and incubated at 50°C for 1 hour, followed by 70°C for 15 minutes. PCR amplifications were performed using 1 µL of cDNA template, 0.1 unit of Taq polymerase, 25 ng of each primer and each dNTP at 200 µM in 1× PCR buffer (20 mM Tris-HCl, pH 8.4, 50 mM KCl, 1.5 mM MgCl 2 ). Reactions were performed as follows: 94°C for 3 minutes, 30 cycles at 94°C for 30 seconds, 50°C for 45 seconds, and 72°C for 2 minutes, followed by a final extension at 72°C for 8 minutes. In some instances, touchdown PCR was also performed; these reactions were conducted using annealing temperatures decreasing from 60°C to 41°C over 20 cycles, followed by 39 cycles with annealing at 54°C. An aliquot of each PCR product was examined by electrophoresis on a 1% agarose gel, visualized with ethidium bromide, and extracted using the Purelink gel extraction kit (Invitrogen). Purified DNAs were sequenced in both directions using a 3730x1 DNA sequencer (Applied Biosystems, Foster City, CA) at ISU.
Genomic sequencing of Culex flavivirus . Primers for the RT-PCR amplification and sequencing of Culex flavivirus (CxFV) were designed using the genomic sequence of a Japanese CxFV isolate (strain NIID-21). 22 The resulting PCR products were sequenced and used to design additional primers. A total of 24 pairs of overlapping primers were used (primer sequences are available upon request). The extreme 5′ and 3′ ends of the CxFV genome were determine by 5′ rapid amplification of cDNA ends (RACE) and 3′ RACE, respectively. In the 5′ RACE reactions, total RNA was reversed transcribed using a CxFV-specific primer. Complementary DNAs were purified by ethanol precipitation and oligo(dC) tails were added to the 3′ ends using 15 units of terminal deoxynucleotidyl transferase (Invitrogen, Carlsbad, CA) in 1× tailing buffer (10 mM Tris-HCl, pH 8.4, 25 mM KCl, 1.5 mM MgCl 2 , and 0.02 mM dCTP). Tailing reactions were performed at 37°C for 30 minutes and terminated by heat inactivation (65°C for 10 minutes). Oligo dC-tailed cDNAs were purified by ethanol precipitation and PCR amplified using a consensus forward primer specific to the C-tailed termini (5′-GAC ATC GAA AGG GGG GGG GGG-3′) and a reverse primer specific to the CxFV cDNA sequence. In the 3′ RACE reactions, polyadenylate [poly(A)] tails were added to the 3′ ends of the CxFV genomic RNA using 6 units of poly(A) polymerase (Ambion, Austin, TX) in 1× reaction buffer (40 mM Tris-HCl, pH 8.0, 10 mM MgCl 2 , 2.5 mM MnCl 2 , 250 mM NaCl, 50 µg of bovine serum albumin/mL, and 1 mM ATP). Tailing reactions were performed at 37°C for 1 hour and terminated by heat inactivation (65°C for 10 minutes). Poly(A)-tailed RNA was reverse transcribed using a poly(A) tail-specific primer (5′-GGC CAC GCG TCG ACT AGT ACT TTT TTT TTT TTT TTT T-3′). Complementary DNAs were PCR amplified using a forward primer specific to the CxFV cDNA sequence and a reverse primer that matched the 5′ half of the poly (A)-specific reverse transcription primer (5′-GGC CAC GCG TCG ACT AGT AC-3′).
The PCR products generated from the 5′ and 3′ RACE reactions were inserted into the pCR4-TOPO cloning vector (Invitrogen), and ligated plasmids were transformed into competent TOPO10 Escherichia coli cells (Invitrogen). Cells were grown on Luria-Bertani agar containing ampicillin (50 µg/mL) and kanamycin (50 µg/mL), and colonies were screened for inserts by PCR amplification. An aliquot of each PCR product was examined by electrophoresis on a 1% agarose gel, and several PCR products were purified using a QIAquick spin column (Qiagen) and sequenced using a 3730x1 DNA sequencer.
RESULTS

Mosquito collections.
A total of 96,687 mosquitoes were collected in the Yucatan Peninsula of Mexico from January to December 2007 ( Table 1 ). Of these, 79,435 (82.2%) were identified as females and 17,252 (17.8%) were identified as males. The mosquitoes represented 9 genera and at least 26 species. The most common species was Culex quinquefasciatus , which made up 48.3% of the total sample population, followed by Aedes taeniorhynchus (29.6%) and Anopheles albimanus (6%). Most (84.3%) mosquitoes were collected using mosquito magnets. The ratio of females to males was 1 to 0.4 when backpack-mounted aspirators were used and 1 to 0.2 when mosquito magnets were used.
Collections were made at multiple sites in five study areas: Merida, Tixkokob, Tizimin, and Tzucacab in Yucatan State, and Cozumel Island in Quintana Roo State ( Table 2 and Figure 1 ) . Species diversity was greatest on Cozumel Island; at least 19 different species were collected in this area. The most common species on Cozumel Island was Ae. taeniorhynchus , which represented 52% of the mosquitoes collected in this area. The species most frequently collected at the Merida zoo was Cx. quinquefasciatus , which represented 80% of the sample population. The species most frequently collected elsewhere in Merida was Ae. taeniorhynchus (54%). Culex quinquefasciatus made up most collections at Tixkokob and Tizimin (93% and 75%, respectively). No Cx. quinquefasciatus were collected at Tzucacab, where the most common species was Mansonia titillans (53%).
Virus isolations in Vero cells. Three of 2,730 mosquito pools caused virus-like CPE in Vero cells. All three pools consisted of female Ae. taeniorhynchus collected in Merida in November using mosquito magnets. One isolate was identified as Cache Valley virus by RT-PCR sequencing (Genbank accession no. EU879062). Another isolate was identified as Kairi virus by RT-PCR sequencing (Genbank accession no. EU879063). The genomic RNA of the Kairi virus isolate was amplified by touchdown RT-PCR. The standard RT-PCR protocol failed to generate a product. The identity of the third infectious agent was not determined, but it was not recognized with any of the flavivirus-, alphavirus-, or orthobunyavirus-specific primers described in the Materials and Methods, or with various other flavivirus-, alphavirus-, and orthobunyavirus-specific primers that were used.
RT-PCR analysis of mosquito homogenates. A subset of mosquito homogenates was tested by RT-PCR using primers specific for WNV, flaviviruses, alphaviruses, and orthobunyaviruses. A total of 7009 (7.2%) mosquitoes from 210 pools were analyzed. All were female Cx. quinquefasciatus collected from June through August 2007. Of these, 4,615 mosquitoes (140 pools) were from Tixkokob, and 2,394 mosquitoes (70 pools) were from the Merida zoo. All pools were negative for WNV, alphavirus, and orthobunyavirus RNA. Flavivirus RNA was detected in 146 (70%) pools. Of these, 120 pools were from Tixkokob and 26 pools were from the Merida zoo. The overall flavivirus minimum infection rate (MIR), expressed as the number of positive mosquito pools per 1,000 mosquitoes tested, was 20.8. The flavivirus MIRs for Tixkokob and the Merida zoo were 26.0 and 10.9, respectively. All PCR products were sequenced; 145 sequences corresponded to CxFV and the other to a novel flavivirus as described below. T'Ho virus. A 1,358-nucleotide region of the NS5 gene of the novel flavivirus was sequenced (Genbank accession no. EU879061). ClustalW alignment showed that this nucleotide sequence is most closely related to the homologous region of SLEV (72.6% identical), followed by ILHV (72.2%), Japanese encephalitis virus (JEV; 72.1%), Usutu virus (USUV; 71.8%), ROCV (71.4%), Murray Valley encephalitis virus (MVEV; 71.3%), and WNV (71.1%) ( Table 3 ). The deduced amino acid sequence is most closely related to the homologous region of ILHV (80.5% identical, 91.2% similar), SLEV (79.6% identical, 90.3% similar), WNV (79.2% identical, 91.6% similar), ROCV (79% identical, 88.9% similar), and JEV (77% identical, 89.9% similar). These data suggest that a novel flavivirus that is genetically equidistant from a number of other flaviviruses, including WNV, is circulating in Mexico. We have tentatively named this virus T'Ho virus (T'Ho is the Mayan word for Merida). Although we successfully amplified viral RNA, we were not able to obtain an isolate by virus isolation in Vero cells, C6/36 cells, or suckling mouse brain inoculation.
The 1,358-nucleotide fragment of T'Ho virus was generated in several RT-PCRs and sequencing reactions. Initially, a 845-nucleotide fragment was amplified and sequenced using the flavivirus-specific primers FU2 and cFD3. The sequence data were used to generate additional forward and reverse primers. Additional primers were also developed from conserved nucleotide sequences identified after the alignment of the NS4B-NS5 genes of various flaviviruses. Using primers Z97-07F and Z97-05R, we amplified and sequenced another 513 nucleotides of upstream sequence.
A phylogenetic tree was constructed with Bayesian methods using the 1,358-nucleotide fragment of T'Ho virus and the homologous regions of 29 other flaviviruses ( Figure 2 ) . Phylogenetic trees were also constructed by neighbor-joining (NJ), maximum parsimony (MP), and maximum likelihood (ML) analyses. In the Bayesian tree, T'Ho virus is most closely related to SLEV, ILHV, ROCV and Bagaza virus, although the posterior support (0.60) for this monophyletic grouping is not strong. These viruses cluster within a larger group that contains WNV, MVEV, USUV, JEV, Iguape virus, and BSQV. The posterior support (0.62) for this topologic arrangement is also low. Because the branching location of T'Ho virus is not highly supported by bootstrap analysis, we checked for possible mosaicism, which can be caused by recombination or strongly convergent evolution, by comparing this sequence to the homologous regions of WNV, SLEV, JEV, and DENV1-4 using the dual multiple change-point model described by Minin and others. 23 T'Ho virus is approximately equidistant to each of these viruses. The 5′ end of the T'Ho virus sequence is fairly confidently placed between DENV1-4 and the other three viruses, but the placement of 3′ end of the genome is ambiguous. There is no strong evidence of mosaicism, but there is continued ambiguity in its placement. The overall topology of the Bayesian tree is consistent with that observed in other phylogenetic trees constructed using flavivirus NS5 gene sequences. 24 Four distinct clades can be observed with the viruses clustering according to their vector-host relationship. Clade I is comprised of insect-specific viruses, clade II is comprised of viruses with no known vector, clade III is comprised of tick/vertebrate viruses and clade IV (which includes T'Ho virus) contains mosquito/vertebrate viruses. The ML-estimated tree was identical to the Bayesian tree. Trees generated by NJ and MP analyses show the same overall topologic features, although there are differences in the branching order within clade IV, where posterior support is low, and the NJ method placed the outgroup within clade IV. Taken together, the findings from the sequencing and phylogenetic studies demonstrate that we have isolated RNA from a new flavivirus that is genetically equidistant from a number of other flaviviruses.
The RNA from T'Ho virus was obtained from a pool of female Cx. quinquefasciatus collected in the Merida zoo using a backpack-mounted aspirator in August 2007. As a result, all mosquitoes collected at the zoo were tested by RT-PCR using primers Z97-03F and Z97-03R, which recognize T'Ho virus, but not CxFV. A total of 12,496 mosquitoes (458 pools) were tested and all were negative. All mosquitoes from the zoo were also tested by RT-PCR using WNV-specific primers and all were negative.
Culex flavivirus . As already noted, 145 of the 146 PCR products sequenced using the flavivirus-specific primers correspond to CxFV, an insect-specific flavivirus first isolated from Culex spp. mosquitoes in Japan in 2003. 22 We also detected CxFV sequence in pools comprised of all male Cx. quinquefasciatus , which supported the findings of Hoshino and others that CxFV can be transmitted vertically in nature. 22 Alignment of these 145 sequences showed that they all match precisely with one another. Virus was isolated from 7 (27%) of 26 Table 3 Genetic relatedness between T'Ho virus and selected other flaviviruses* * Nucleotide identities are based on a 1,358-nucleotide fragment of the nonstructural protein 5 (NS5) gene of T'Ho virus. Amino acid identities and similarities are based on a 452-residue region of the NS5 protein of T'Ho virus and were calculated as described by Altschul and others. 51 The highest number in each column is denoted in bold .
† The nucleotide and predicted amino acid sequences of the denoted viruses are not significantly more distant ( P > 0.05) from T'Ho virus than the closest virus using the twosample test of equal proportions with continuity correction; this test assumes sites are independent.
conclusively demonstrate that CxFV had been isolated, and that the RT-PCRs were not detecting RNA from non-viable virus present in the original homogenates, additional experiments were performed. Briefly, two aliquots of CxFV inocula collected after the third blind passage in C6/36 cells were diluted 10-fold in phosphate-buffered saline. One aliquot was heated at 56°C for 30 minutes followed by 95°C for 10 minutes to inactivate all virus particles that were present; the other aliquot was not heated. Each sample was subjected to three additional blind passages in C6/36 cells. After the final passage, an aliquot of each supernatant was tested for CxFV RNA by RT-PCR. CxFV RNA was detected in the supernatant of cells that had been inoculated with non-heated material. In contrast, CxFV RNA was not detected when heated material had been used. Taken together, these data suggest that we had isolated CxFV. We did not detect CxFV RNA by RT-PCR in Vero or LLMCK2 cell cultures after three blind passages, a finding that is consistent with earlier observations that CxFV is insect-specific. 22 Figure 2 . Phylogenetic analysis of T'Ho virus. The displayed phylogeny was estimated by using the program MRBAYES, version 3.1. 45 Phylogenetic analysis is based on the 1358-nucleotide fragment encoding a portion of the nonstructural protein 5 (NS5) gene of 30 flaviviruses. The tree is rooted by using Tamana bat virus (Genbank accession no. AF285080) as the outgroup, which is not shown. The polyprotein amino acid sequences of all selected reference viruses were aligned using MUSCLE. 46 The NS5 amino acid sequence of T'Ho virus was profile aligned to the polyprotein alignment using ClustalW and the alignment was trimmed to the ends of the T'Ho virus fragment. 47 The amino acid alignment was converted to a nucleotide alignment using in-house software. jModelTest was used to select the best fitting nucleotide substitution model using AIC. 48 The GTR + G + I model was selected, and this model was used for all model-based inference, except neighbor-joining, in which GTR + G was used to compute pairwise distances. Phyml was used to infer the maximum likelihood tree using the general time reversible gamma + proportion invariant (GTR + G + I) model selected by jModelTest. 49 One hundred bootstrap trials were also carried out using phyml. MrBayes was used to infer the posterior majority rule consensus tree along with posterior support for all internal branches assuming the GTR + G + I model and all default settings. 45, 50 As per the default, two parallel runs of four (three heated) Metropolis-coupled Markov chain Monte Carlo chains were run for 1,000,000 iterations, subsampling every 100 samples. The first 200,000 iterations were discarded as burn in when estimating the tree shown here. All branches are labeled with bootstrap support (of 100) above and posterior support below. Viruses identified in this study are denoted in bold One isolate from Tixkokob (denoted as CxFV-Mex07) was completely sequenced using a combination of RT-PCR, 5′ RACE, and 3′ RACE (Genbank accession no. EU879060). The genomic RNA contains a single 10,089-nucelotide open reading frame (ORF) that is flanked by 5′ and 3′ untranslated regions (UTRs). The ORF and 3′UTR (657 nucleotides) are identical in length to those of NIID-21 (a CxFV isolate from Japan). However, the 5′UTR of CxFV-Mex07 is unusual because heterogeneous sequences were identified at its distal end. Fourteen cDNA clones were analyzed by 5′ RACE and automated sequencing. The lengths of the 5′UTRs encoded by these cloned cDNAs are variable, ranging from 91 to 164 nucleotides ( Table 4 ). The 91 nucleotides immediately upstream of the ORF are identical for each clone. We have not included the heterogeneous sequences in the corresponding G en B ank entry. The three longest heterogeneous sequences were aligned with all sequences in the Genbank database, and none have significant similarity to any known sequences (all E values were > 2.4). The longest heterogeneous sequences are comprised mostly of cytosines and guanines. Heterogeneous sequences are not present at the distal end of the 5′UTR of NIID-21. 22 The 5′UTR of NIID-21 is identical in length to the homogeneous 5′UTR sequence of CxFV-Mex07, and these two sequences share 95.6% identity.
The nucleotide sequences of the CxFV-Mex07 and NIID-21 genomes are 90.4% identical. The predicted amino acid sequences of the CxFV-Mex07 and NIID-21 polyprotein precursors are 96.8% identical and 98.5% similar. Greatest amino acid identity occurs in the membrane, NS1, and NS5 regions (97.9%, 97.8%, and 97.8%, respectively). Lowest amino acid identity occurs in the capsid, NS4B, and NS2B regions (89.2%, 94.3%, and 94.5%, respectively). Alignment of the genomic sequence of CxFV-Mex07 with all other flavivirus genomic sequences in the Genbank database showed that CxFV-Mex07 is most closely related to Kamiti River virus (KRV), an insect-specific flavivirus first isolated in Kenya in 1999, 25, 26 and cell fusing agent virus (CFAV), an insect-specific flavivirus originally isolated from Ae. aegypti cell cultures and later discovered in natural mosquito populations in Puerto Rico. [27] [28] [29] The nucleotide sequence of CxFV-Mex07 is 56.1% identical to CFAV and 52.6% identical to KRV. The deduced amino acid sequence of the CxFV-Mex07 polyprotein precursor is 46.5% identical and 65.8% similar to CFAV and 39.8% identical and 61.6% similar to KRV. The nucleotide sequence of CxFV is also genetically similar to cell silent agent, a flavivirus-related DNA sequence integrated into the genomes of some Aedes spp. mosquitoes. 30 A phylogenetic tree was constructed with Bayesian methods using the complete genomic sequence of CxFV-Mex07 and the genomic sequences of 22 other flavivirus isolates ( Figure 3 ) . Phylogenetic trees were also generated using NJ, MP, and ML methods. In the Bayesian tree, CxFV-Mex07 shares a close phylogenetic relationship with NIID-21. CxFV-Mex07 is also phylogenetically similar to KRV and CFA, which is consistent with the identity/similarity estimates. These insect-specific viruses comprise a distinct clade (denoted as I), and the posterior support for this topologic arrangement is 100%. The other viruses separate into two additional clades. Clade II contains mosquito/vertebrate viruses, and clade III contains tick/vertebrate viruses. The viruses with no known vector are present in both clades II and III. This topologic arrangement is consistent to that observed in other several flavivirus phylogenetic studies. 31 The ML tree was identical to the Bayesian tree, but the NJ and MP trees placed Modoc virus between the insectspecific flaviviruses and the other flaviviruses.
DISCUSSION
In response to the introduction of WNV into Mexico, mosquito surveillance for arboviruses was conducted in the Yucatan Peninsula of Mexico. A total of 96,687 mosquitoes in 2,730 pools were processed for virus isolation in Vero cells. Three pools caused virus-like CPE. One isolate was identified as Cache Valley virus, an orthobunyavirus associated with disease and pregnancy loss in domestic ruminants. 32 Another isolate was identified as Kairi virus, an orthobunyavirus that occasionally causes febrile illness in equines. 33, 34 The identity of the third infectious agent was not determined. The proportion of mosquitoes containing cytopathic virus was low. Assuming that the unidentified infectious agent is a virus, one virus was isolated for every 32,229 mosquitoes tested. In comparison, 164 isolations were made from 539,694 mosquitoes (1 virus per 3291 mosquitoes) collected in the Amazon Basin T C  10  94  3  GCC  11  101  10  ACCCTGGTCC  12  108  17  TCCCCGGCCCGCCGGCG  13  126  35  CTCCGCGACTCCCGGTTGTGGCCGCTCCGCGGCCG  14 164 73 ATCCGCTCGCCGCGTCTTCCGGCGCTCTCCGCCGGG-GCGTCGCACCGTCTTCCGTGCGCCGGGCCTCCCGGCG of Peru in 1996-2001. 35 Of these isolates, 139 isolates were from Culex (Melanoconion) spp. mosquitoes. The absence of Cx. (Mel.) spp. mosquitoes in our collections could have contributed to the lower frequency at which we isolated cytopathic viruses. The low number of isolations made in Vero cells was not because the mosquito specimens were of poor quality (i.e., inactivation of virus during international transportation) because we had no difficulties isolating CxFV from these mosquitoes. One of our most significant findings was the detection of RNA to a novel flavivirus, tentatively named T'Ho virus, in Cx. quinquefasciatus from the Merida zoo. The virus has a close genetic and phylogenetic relationship, and therefore probably a close antigenic relationship, to WNV and various 45 The inferred tree is unrooted, but we show it rooted on the same branch as the phylogeny of Figure 2 . All phylogenetic analyses were based on the complete genomic sequence of Culex flavivirus and 22 other flaviviruses. Full genome alignments were made with multiple alignment using fast Fourier transform, using the linsi utility. 23 Phylogenetic analyses were as described in Figure 2 other flaviviruses including SLEV, ILHV, and ROCV. Flaviviruses are known for their serologic cross-reactivity; 36 thus, it is likely that antibodies to T'Ho virus can bind to and neutralize WNV. This finding raises the possibility that some vertebrate animals from Mexico previously considered to be seropositive for WNV by plaque reduction neutralization test (PRNT) in serologic investigations have instead been infected with T'Ho virus. In this regard, we previously identified nine vertebrate animals in the Merida zoo that were considered to be seropositive for WNV because their PRNT 90 titers to WNV were at least four-fold greater than to the other viruses tested (SLEV, ILHV and BSQV). 15 Of these animals, three were birds that had low WNV PRNT 90 titers. The three birds all had WNV PRNT 90 titers of 40, and none had antibodies to SLEV, ILHV, or BSQV at the initial serum dilution of 1:20. Thus, each bird met the CDC-established criteria for a WNV infection. Nonetheless, had T'Ho virus been included in the PRNT analysis and the T'Ho virus PRNT 90 titers been > 160, the outcome of the PRNT diagnosis would have changed. However, it is also important to note that several vertebrates in the zoo had high WNV PRNT 90 titers, including a black vulture and a peacock that had WNV PRNT 90 titers of 640 and 1,280, respectively. To reduce the likelihood of serologic misdiagnosis in WNV surveillance studies, it is important that T'Ho virus is isolated and included in future PRNTs. Experiments should also be conducted to characterize the antigenic properties and virulence of T'Ho virus, and to assess its potential to protect vertebrate animals from subsequent WNV infection. To better understand the antigenic relationship between T'Ho virus and WNV, it is important that the premembrane and envelope genes of T'Ho virus are sequenced because the nucleotide and amino acid alignments described here are based on partial NS5 sequences. Our research group is continuing its entomologic investigations in the Yucatan Peninsula and, in an attempt to isolate this virus, additional time and effort is now being devoted to the trapping of mosquitoes at the Merida zoo.
A high prevalence of CxFV was detected in Cx. quinquefasciatus . This finding is significant because it could explain why only a small number of cytopathic viruses were isolated in this study. Mosquitoes infected with CxFV could be refractory or less susceptible to subsequent infection with WNV or other viruses. The process by which a host, whether vertebrate or invertebrate, infected with one virus does not support productive replication of the same or similar virus is known as superinfection exclusion (or homologous interference) and has been reported for a diverse range of viruses. [37] [38] [39] [40] For example, mosquito cell cultures infected with one DENV serotype are less susceptible than uninfected cultures to infection with a second serotype. 38 Most Ae. triseriatus infected with La Crosse virus (LACV) were refractory to superinfection with a second strain of LACV 72 hours after the initial infection. 39 There have also been occasional reports of where replication of a heterologous virus has been suppressed; for example, DENV-2 produced significantly lowers titers when cultured in densovirus-infected C6/36 cells compared with uninfected C6/36 cells. 37 To explore the possibility that CxFV is attributing to the lack of WNV disease in the Yucatan Peninsula by reducing the number of competent vectors available, future research is needed to determine whether superinfection exclusion of WNV occurs in Cx. quinquefasciatus infected with CxFV.
The vector range and prevalence of CxFV is not well defined. The virus was first isolated in a nationwide survey performed in Japan in 2003 and 2004. 22 Eight CxFV isolates were obtained, and these were from Cx. pipiens (n = 6), Cx. tritaeniorhynchus (n = 1), and Cx. quinquefasciatus (n = 1). An additional isolate was from a pool of Cx. quinquefasciatus collected in Indonesia. The MIR for CxFV was not reported in this study; thus, the prevalence of CxFV in Japan and the Yucatan Peninsula has not been compared. Recent data have shown that the geographic distribution of CxFV is not restricted to the Eastern Hemisphere; the virus has been isolated in Mexico (this study), Guatemala (Morales-Betoulle ME, unpublished data), and Colorado (Bolling BG, unpublished data). We have also isolated CxFV from Cx. pipiens in Iowa, and genomic sequencing experiments are in progress (Blitvich BJ, unpublished data).
Heterogeneous sequences were identified at the distal end of the 5′UTR of the Mexican strain of CxFV. To the best of our knowledge, this is the first study to report the identification of heterogeneous sequences at the distal end of the 5′UTR of a positive-sense RNA virus. Some negative-sense RNA viruses (influenza virus and certain bunyaviruses) contain heterogeneous sequences at the distal ends of their 5′UTRs, and these sequences are acquired from cellular mRNAs by a unique cap scavenging mechanism. 41, 42 It is unclear whether the heterogeneous sequences identified in this study represent an artifact of our experimental approach or bona fide sequence found in CxFV in nature.
Cx. quinquefasciatus , which is a major enzootic vector of WNV in the southeastern United States, 43, 44 was the most common species in this study; it made up almost half of the total sample population. Furthermore, collections of Cx. quinquefasciatus were made each month. Many other mosquito spp. that are major enzootic vectors of WNV in the United States were not sampled ( Cx. pipiens , Cx. restuans , Cx. salinarius ) or were infrequently collected ( Cx. nigripalpus , Cx. tarsalis ). Thus, the ability of Cx. quinquefasciatus populations in the Yucatan Peninsula to become infected with and to transmit WNV could be a major determinant of the epidemic and epizootic potential of WNV in this region.
In summary, we have provided sequence data that indicates a novel flavivirus is present in the Yucatan Peninsula of Mexico, and have demonstrated a high prevalence of an insect-specific flavivirus in Cx. quinquefasciatus in this region. Characterization of these viruses and continued arbovirus surveillance in Mexico is warranted because the data obtained from these studies will help us understand why a major outbreak of WNV disease has not been observed in Mexico. 
